
REPORT No. 714

AN APPARATUS FOR MEASURING RATES OF DISCHARGE
OF A FUEL-INJECTION SYSTEM

SUMMARY

~ portable apparatu~ for rapidly
discharge of a fuel-injection system
fac!o~ operation of thi~ apparatus

By FMNCIS J. DUTEE

determining rates ~
is descm”bed. iSatis-

An apparatus that gives a quick rind an accurate
measurement of the rate of discharge has been designed
by the NACA and is described in this report. Mr.

with injection-pumv / George T. He~eter, formerly on tie Committee
speeds up to $?400;pn WXZ;-obtained. Rat~-of-dis&r~e
tests were mu.de un”thseoeral cam-plunger-valve injection
gystems with long injection tubes. A check WJW de-
&ignedto reduce secondary discharges was tested. This
check valze was operated with injection-pump speedg up
to 9400 rpm without the occurrence of lmge secondary
di~charges.

Comparable performance tests on the two-stroke-cycle
compression-ignition engine were made urith low fuel-
injection rate and with the highest injection rate obtained.
The mm-mum gross brake mean e~ecticepressure was in-
creased7.6 percent, and th.xminimum gross brake specx~c
fuel consumption was decreased 6.fi percent bp chmgn”ng
from the lower to the higher injection rate.

INTRODUCTION

Experimental -work on the effect of fuel-injection
characteristics upon the performance of compression-
ignition engines has in the past been limited principally
to consideration of the injection period. Data in ref-
erence 1 show that a short injection period is desir-
able from considerations of power output and fuel
economy. A knowledge of the quantitative rate of
discharge for all condition.. of operation of the injec-
tion system is needed in order that the effects of the
rata of injection on mgine performance may be fully
investigated.

Injection systems that have long discharge periods
ticcompanied by large secondary injections are undtir-
able because they result in late burning, smolq exhaust,
and a relatively high specific fuel consumption. These
injection characteristics occur at high engine speeds or
high throttle settinga.

Apparatus that have been used for the determination
of injection chsxacteristics include: injection-va.lve-
stem lift indicators, pressure indicators of the cathode-
ray oscillograph type, and the slotteddiek type of
mte-ofdischarge apparatus described in reference 2.
References 2 and 3 show the rate-of-discharge character-
istics of some cam-plunger-valve injection systems using
long injection tubes for pump speeds up to 1000 rpm,

staff, aided in the conception and-the preliminary design
of the apparatus. RateWf-discharge data me included
to show the reproducibility of test results. A pump
check valve that reduces secondary discharges was
tested with two diilerent cam outlines and with pump
speeclsfrom 1250 to 2400 rpm. The performance data
obtained with this check valve are presented together
with comparable data obtained with a Bosch check
valve. Some data are included to show the effect of
rate of injection upon the performance of a two-stroke-
cycle compression-ignition engine at a speed of 1800
rpm. The work w-asdone in 1937 and 1939 at Langley
Field, TTa.

APPARATUS

RATE-OF-DISCHARGE APPARATUS

Description,-The rate-of-discharge apparatus used
in these tests is a portable unit designed for use in
conjunction with the NACA universal test engine and
an electric dynamometer, It consists essentially of a
high-speed rotary fuel receiver and an adjustable
mounting bracket for the injection valve. During
rate-ofdiscb arge tests, the engine ia motored by means
of the electric dynamometer. Figure 1 is a photograph
of the apparatus co~ected to the test engine and the
injection pump. The rotor is gear-driven by a power
take-off from the water-pump shaft of the test engine.
[t is designed for safe operation with a maximum
mgine crankshaft speed of 3000 rpm (rotor speed of
5000 rpm) and injection pump speeds of 1500 and 3000
rpmon four- and two-stroke-cycle engines, respectively.

Seventy receiver compartments extend around the
upper periphery of the rotor shown in figure 2. These
:ompart.ments are connected by chilled fuel passage-
ways to glass tubes that serve as fuel reservoirs. Each
glass tube has au interual capacity of 0.390 cubic inch
md is graduated in increments of 0.003 cubic inch.
rhese tubes are mounted in retaining grooves milled in
Lheperiphery of the forged aluminum-alloy rotor. The
xdibration makings on the tubes are reposed to view
through slots in the outer cirmunfermce of the rotor.
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FIQUREl.–Rate-ofdischarge appwatmand teat eqolpment.
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The tides of each receiver are formed by two vanes
so spaced that the receiver will collect fuel cluring a 10
rotation of the engine crankshaft. The centers of
acljacent.receivers have an angular sp.ncing about the
center of the rotor of 5°, equivalent to a 3° rotation of
the mgine crankshaft. The receiver compartments
are diwkled into three sections, two of which ccmttiin23
receivers and one of which contains 24 recckers, These
sectiomrare separated from each other by three.equal
spacings on the circumference of such a.width that ._..
angular rotation of the rotor between centers of ad-
jacent “receivers is 8020’, which is equivalent to a 5° __.. .
rotation of the engine crankshaft. C)ne of these
spacings is shown at A in figure 3. -.

During operation the fuel is discharged from the
injection valve, is collectcd in tho receivers, and is
transmitted by centrifugal force into the glass tubes.
Fuel that is discharged betwem the receivms is wasted.
After a test mu the volume of fuel collected in etic.h
tube can be quickly observed anclrccordecl.

.a
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FIGTJBIE3.–Rotor swsrnbly, view showing vsnes and rersiv.er mrnpsrtments.
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At the beginning of each test run tlw injection starL
is synchronized vcit.hthe receiver sections by mermsof a
Stroboranm in such a manner that.any single discharge
is completed within u single section of receivers. Succes-
sive discharges occur alternately within the three sec-
tions owing to the fact tlmt the rotor revolves at a
speed 1~ times the speed of the engine cmnkshaft. The
receiver compartments of any section are 1° out of
phase with the compartments of either of the other two
sections. Each section provides clata for rate of die-
charge to define the curve every 3° of the engine crank-
shaft, and the data from the three sections can be
correlated to define the curve every 1°. Each section
of receivers collects approximately the same weight of
fuel, and thus satisfactory balance of the rotor is
maintained throughout the test run.

The rotor may be started and stopped by a friction
clutch provided in the apparatus. This clutch includes
a positive engagement mechanism by which the angular
position of the rotor can be adjusted and locked in the
proper phase relation with the injection-pump shaft.

Operation,—The remount of fuel discharged during
each test run -was adjusted to such a value that the
ma.simum quantity of fuel collected by any one of the
glass tubes filled the tube wit4in the limits of 70 to 100
percent of its capncity. The number of fuel discharges
during each test run was thus necesamily varied approxim-
ately inversely with the maximum rate of dischmge of
the injection system. In figure 4, for emmple, each
curve represents an average of at least 1640 discharges.
A fuel scale that automatically weighed a predeter-
mined a.mowt of fuel controlled a. solenoid-operated
stop watch and revolution counter. The injection-
pump throttle was manually opened at the beginning
of each test run and closed at the end of each test run.
The apparatus operated satisfactorily at the highest
test speed of 2400 rpm. Operation at higher speeds
appeared feasible. No difficulty was experienced from
vibr~tion originating within the apparatus.

After the test equipment had been completely as-
sembled, a test run for any one condition of speed and
throttle setting could be made in 8 minutes. This
operation included starting, synchronizing, operating
the injection system, stopping, recording data, and
draining and sealing the glass tubes for another test run.

Reproducibility and accuracy.—A large number of
preliminary rate-of-discharge tests were made with the
apparatus to calibrate tbe equipment and develop a
satisfactory method of operation. Figure 4 shows the
reproducibility obtained in four sets of rate-of-discharge
data taken with comparable injection-system condi-
tions. In 44 rate-ofdscharge tests with various con-
ditions of pump speed and throttle settiig, the greatest
discrepancy between the average fuel quantity per
injection as determined by the rate-of-discharge
apparatus and as determined by the fuel scale -was 4
percent. No error could be detected in the period of

discharge as indicated by the rate-of-discharge appnra-
tus from observation of the fuel sprays with the aid of a
Stroborama.

The best results were obtained with the apparatus
when injection nozzl= having rdl oriflce9 in a single
vertical plane were used. The operating clearance
between the injection nozzle and the edge of the
receiver vanes was found to htive no effect on the
accur~y of the rate-of-clischmge data for clemances
less than 0.060 inch. A clearance of 0.050 inch was
used in these tests. Tests with an injection valve
delivering a cone-type spray indicated some sacrilice
in accuracy because the tip of the valve was so -shaped
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FIGUEE4.—Comparison of rate-of-dkhsrgedata for qrmdrupllcate test runs Pump
and check valw+ Bosch, own 1; plunger d!ameter, 0.394Inciu [nject[on-valve open-
ing pressure, 8200pounds per square inc~ orIffcearea, 0.M3S95rqoere Inch.

that it COUICInot be run close enough to the receiver -. ._
vanes to obtaiq the necessary minimum clearance.

INJECTION PUMPS

Three different Bosch pumps were used in these
tests: a one-cylinder unit with a 0.394-inc.h cIiameter
plunger; a two-cylinder unit with a 0.394-inch diameter
plunger and both cams in phuse; and a six-cylinder
unit with a 0.354-inch dinmeter plunger and cams
phased 60° apart. Unless otherwise specified, all
data from multicylinder pumps are for only one cylinder.

Plunger-lift curves for the two different cams investi-
gated are shown in figure 5. These curves were plotted
from the manufacturer’s specifications. Fuel-displace-
ment curves based on the plunger-lift curves of figure 5
are shown in figure 6. Characteristics of the bypass-
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port flow area are shown in figure. 7. The data for
this figure were calculated from the dimensions of the
pump plungers and the pump cylinders used. The
same curve is applicable to alI pump units tested, The
rate of opening of tho bypass port is dependent upon
this curve and the plunger-lift curves.

PUMP CHECK VALVE9

Figure 8 (a) shows the .Bosch check valve,. The.
valve is constructed with a fluted guide and a lapped
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in the injection tube.
Figure 8 (b) shows an NACA design of a check

valve. Fuel flows through the ball check valve dur-
ing delivery. Residual prmsure in the injection tube
can be adjusted to any desired value by changing tl~8
spring tension on the pressure-release valve. The
valve was adjusted to open at 1000 pounds per square
inch in these tests. The rekase of pressure wavw
from the injection tube into the inlet chamber of tho
injection pump set up pressure wavw in the primary

shoulder. Delivery does not begin until fuel pressure
from the pump forces the valve upward far enough for
t.hc lapped shoulder to clear the seat. At the end of
the dischargo the l~pped shoulder returns to its lowest
position and partly releases the pressure in the injec-
tion tube for the purpose of preventing dribble. No
further discharge from the injection valve can take
place except as the result of pressure-wavo phenomem
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fuel system that acl-rerdy affcdcd the charging of the
pump cy]indem and caused a variation of fuel quantity
delivered per injection. Even charging of the pump
cylinders was obtied by placing two surge chambers
in the inlet and Lheoutlet primary fuel lines .to damp
out the pressure waves. The clmmbers were placed
close to opposite sides of the injection pump. Each
chamber had an internal capacity of 140 cubic inches.

—,—.
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‘ shoulder

guide

(a) Bosch deeko.

FIIXStE 8.-Pump okk vnks.

(b) NAC.4 design.

Unless otherwise noted in the tast, the following
equipment and conditions were held constant through-
out the rate-of-discharge tests:

1. Injection pump: plunger diameter, 0.394 inch
2. Injection tube: steel; inside diameta, 0.125 inch;

outside diameter, 0.25 inch; single. tube from pump
outlet to injection valve

3. Injection valve: NACA injection valve 13; dif-
ferential area type; sectional diagram shown in refer-
ence 4

4. Injection nozzles: multiple-orifice type; all orifices
in same plane; characteristics appear in table I

5. Fuel: Diesel oil; 0.S3 specitlc gravity at 6S0 l?;
41 seconds Saybolt Universal viscosity at 80° F; 62
cetane number

TABLE I

NOZZLE CHARACTERISTICS

a

+
60”
.s0” A
B.

B

+

60”
60° A
.B

&
c“.

A

A
cm. ”

0.000001
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A-0.022
Bl= .012
B!- .013

{~:0.::

{

A=0.016
B - .010
c- .014

{

A =0. O!M
B- .O11
C-.lm’

Rate-of-dischame tests were run for all conditions
listed in table II. ‘All rate-of-discharge data and cur-res

490134”-42-14

.197 .-

that show the weight of fuel discharged were plotted
against pump degrees.

Variable tsst
condition

Fuel quantity -
Do.. -----
Do..-_-–-
Do---------

InJectfon system

-., .-

TABLE II
RATE-OF-DISCHARGE TESTS

1{1 i
WC 2.EM.64 0.8 Single.. 1 Brseh-- 0.Ow68 am 9

!Z804.32 .294 . ..do.-. 2 .-.do---- .0xW8 8E02 ~~
l%il 2.924.96 .394 .-do--- 2 NAOA-- .0xM8 8
2X4 L 91-4. .394 .--do-_ 1 ---do . ..-. .0cC406 m 12

lm ‘w {:PEGZ%:: ‘ ---do-– {:* m 18
1 II 11 1 ,,

TEST ENGINE

The single+ylinder, water-cooled, two-stroke-cycle
comprwsion-ignition engine described in reference 5 was
used in the engine performance tests. The 4% by 7-
@ch cylincler admits air through circular inlet porti at

.. .._

the bottom of the cylinder and exhausts through four
poppet valves in the cylinder head.

The following engine conditions were maintained
constant during these tests:

1. Compression ratio based on swept volume, 13.7
2. Valve and port timing (deg A. T. C.): exhaust

opens, 91; exhaust closes, 223; inlet opens, 129; irdet
closes, 231

3. Inlet-port dimensions: height, 1 inch; diameter of
ports, l%, inch; number of ports, 63; entry angIe, 56°
to radial; cylinder-liner thickness at port band, X8inch

4. Ma&mm cylinder prassure: 1000 pounds. per
square inch. Engine-paforma.nce tests were made with
the following injection systems: Bosch pump with one
0.354-inch-diameter cylinder connected to a single in-
jection valve; Bosch two-cylinder pump having both
cams in phase, with Y-tube connection to a single-
injection valve.
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Comparable engine-performance tests were made with of the fuel, Nlore complete information on this
two different rates of fuel injection obtained by the use phenomenon is given in reference 6. A brief description
of tbe two different fuel-injection systems. The effect of the action is as follows: Pressure wtives, which are
of fuel quantity on engine performance for both injec- origi.mdly set up by the plunger, travel through the
tion systems was determined with an engine speed of fuel in the injection tube at the rate .of approximately

PUqo U&g

FIGURE 9.—Discharge charrwterfstics with Eoich
oheck vaive and ec.m 1. Pump s~d, 1250rpm;
Injedlon-tutm Iength, al inck+ ldection-vaive
opening prwnr% %00 pxmds Per squsre inck
orifice nraa, 0.WW.88swere hmh.

.- !.

4x 10-~ / .4 x /0”-4

~ _
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Pump &g

FIGURE10.—Diacharge charactarlstfcs “with Bosch check
valve and mm z Pump s-, 12+%3rpm; lnjeotiomtube
length, 31 inoheq lnjectIon-velve owlng pressure, X.0)
pounds per equare inc@ orIdce area, 0.W3W square inch.

1800 rpm and a scavenging-air pressure of 20 inches of
mercury.

RESULTS AND DEK!USSION
RATE OF DISCHAEGE

Effect of pump check valve.—A considerable number
of injection-valve stem-lift diagrams of injection systems
equipped with the Bosch check valve, with a plain ball
check vaIve, and with no check valve me. shmvn in
reference 3. In the present tests a critical rate of
plunger motion was found above which secondary dis-
charges occurred. (See figs. 9-and 10.) The secondary
discharges resulted from fuel preasum waves in the
injection tube caused by the elasticity and the inertia

Pump. deg

FIQURE11.—DMherge oharactmktfcs with NAC.4
oheck W&Wand ccm 2. Pump apee& 1260rp~
ir&tIowtu&a length, M inches; lnjwtion-valve
opsnlng premure, W02pounds per Wume Inchi
oridce ares, 0.0LW08equera Inch.

50,000 i.n~hesper second. When the pressue wave
reaches the injection nozzle, any energy of the vave
that is not dissipated in discharge of fuelfihrough the
orifice is reflected toward the pump. The back-rushing
wave after reaching the pump plunger is reflected and
again @averses the tube toward the injection vrdve. A
conventional type of pump check valve such M the _
Bosch check valve, which prevents return of fuel from
the injection tube to the pump cyli~der after cut-off,
will completely reflect residual pressure waves in the
injection tube. If these waves are of sticient inten-
sity, they will open the injection valve repeatedly and
cause secondary discharges to occur. These prw.sure
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.

waves are dissipated by the release of fuel in the
secondary discharges, and the discharges cease when
the prwsure waves are no longer great enough to open
the injection valve.

The NACA check valve was designed to reduce
secondary injections and yet maintain a residual pres-
sure inthe injection tube. Presswe waves refl&ted
from the injection valve are partly dissipated at the
pump end of the injection tube by the release of fuel
through the pressure-release valve, the plunger barrel,
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and the bypass port into the primary fuel chamber.
It was found that a maximum residual pressure equal
ta one-third of the injection-valve opening pressure
could be maintained with this check valve without
~~cessive secondmy discharges. The data of figure 11
~~eretaken with an injection system using the NACA
check valve and are comparable with the data of figure
10 for the Bosch check valve. The NACA check valve
was used with pump speeds up to 2400 rpm without
large secondary discharges. (See fig. 12.) Inasmuch,
as dif%culty was eqerienced in obtaining an even
charging of the pump cylinders when using this check

valve, a word of caution in regard to its use is advisable.
Sticient pump inlet-chamber capacity is necessary to
damp out pressure waves or they will cause large
variations in fuel quantity with change of pump speed
or alight unevenness of fuel quantity at constant pump
speed.

ENGINE PERFORMANCE

Figure 14 shows a comparison of the performance of
the two-stroke-cycle compression-ignition engine for the
tmo injection systems for which rate-of-discharge data
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me shown in figure 13. The injection nozzlw were of
:omparable design mcept for the total dischargo-otice
mea. (See table I for characteristics.) The larger
miflce area was used with the two-cylinder injection
pump to allow injection of a full-load fuel quantity
without exceeding the safe delivay pressure of the
njection pump. The higher rate of injection gave an
ncrease of 7.6 percent in maximum gross brake mean
flective pressure and a reduction of 6.2 percent in the
ninimum gross brake specific fuel consumption from
hat obtained with the lower injection rate. The
njection advance angle was 2° to 4° less with the
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higher rate of injection, which indicatm that the rate
of presswe rise = the combustion chamber was greater.
The lesser fuel consumption with the higher rate of
injection was due to the burning of a greater percentage
of fuel jn the early part of the stroke where the expan-
sion ratio is high. These data inclicatothat an improve-

ment in eng-be performance cm be expected by

fuel ~uonfify, lb)cycle

FIGURE14.—C.omwetire effwt Ofmte of fIMlf4Wtion on the Wrformfmw of a t~O-
etroke.oyole compression-ignkfon engine obtained with two different injed!on
esetmns. Engine emed, IWOmm; cheek YeJve, NACA; f4W!0n-valve o-g
pressure, X00 Wunde w squere fnch. Ir@tion-tube lengthe: plunger to Y, 6.6
Inehex plunger to OIMW,44 inches.

increasing the mwinwn rate-of ~jection and short~~g
the injection period.

Changing from the 10WEX.@the higher rate of fuel
displacement in this case caused a ch~tige in the shape
of the rate-ofdischarge curve that tended to make it
conform more nearly with tho desired mte-of-inj ection
curve. It is believed that the rate-of-injection curve
should increase as a function of the rate of volume

change in the engine cylinder to tt maximum value and
then return instantaneously to zero. Further tests
wiIl be made to determine the cwe.ctims of this _.
assumption.

CONCLUSIONS

1, The rate-of-discharge apparatus used in these
tests comistedy reproduced its own average data for
repeated test conditions within +4 percent. Satis-

fact.cky operation was obtained with pump speeds up
to 24~ rpm; satisfactory operation with higher speed

--

was ti~ic.ated.
2. Secundary discharges were practically eliminated

at all opemtiug conditions by use of a. .combinatio~
check valve and pressur~-releasedevice. -

3. Engine performance improved with increased rate
of injection and decreased injection period.

LAN&EY hlEMORIAL AERONAUTICALLABORATORY,
NATIONALADVISORY.COMMITTEE FOR &RQNAUTIW, ._

LANGLEYFIELD, VA.) March 24, 1941.
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